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Summary 
The downward transport of radioactive debris from the stratosphere in associa- 
tion with tropopause-level cyclogenesis offers a possible physical explanation for 
seasonal and shorter-period surface fallout increases. To examine these possi- 
bilities, a simple circulation index which is related to the degree of cyclonic 
activity in the upper troposphere is compared to a time series of area-averaged 
fallout intensity. The comparison reveals that the spring fallout peak cannot be 
explained adequately by an increase in cyclonic activity at this time of year. 
Shorter period increases, however, are strongly related to occurrences of intense 
cyclogenesis in the upper troposphere. 
The age-corrected fallout averaged over the area of the contiguous United 
States reveals the existence of a regular seasonal variation with a maximum in 
late spring and a minimum in late fall. The spring peak in 1964 is a factor of two 
less in 1964 than 1963 - -  reflecting the progressive depletion of debris following 
the nuclear testing moratorium of December, 1962. 
Zusammenfassung 
Die Abh~ingigkeit langperiodischer Schwankungen des radioaktiven Ausfalls an der 
Erdoberfl~iche von zyklogenetischen Vorg~ingen im Tropopausenniveau 
Der nach unten gerichtete Transport radioaktiver Spurenstoffe aus der Strato- 
sph/ire im Zusammenhang mit Zyklogenese im Tropopausenniveau bietet eine 
physikalische Erklfirung ffir die jahreszeitlichen und kurzperiodischen Zunahmen 
des radioaktiven Ausfalls an der Erdoberfl/iche. Um diese Vorg/inge zu iiber- 
priifen, wurde ein einfacher Zirkulationsindex, dermi t  der Zyklonent/itigkeit in 
der oberen Troposphfire zusammenh/ingt, mit den zeitlichen ~nderungen der fl/i- 
chenhaft gemittelten Maxima yon radioaktivem Ausfall verglichen. Dieser Ver- 
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gleich zeigt, daft das Ausfallsmaximum im Friihjahr nicht mit einem Anwachsen 
der Zyklonenaktivit/it zu dieser Jahreszeit erkl/irt werden kann. Kurzperiodische 
Ausfallsschwankungen sind jedoch in signifikanter Weise mit Perioden yon Zyklo- 
genese in der oberen Troposph/ire korreliert. 
Der fiber das Gebiet der Vereinigten Staaten gemittelte, zeitkorrigierte radio- 
aktive Ausfall zeigt das Vorhandensein einer regelm/igigen jahreszeitlichen Ande- 
rung mit einem Sp/itfrfihlingsmaximum und einem Minimum im Sp~itherbst. Das 
Friihlingsmaximum im Jahre 1964 war um einen Faktor 2 geringer als im Jahre 
1963. Diese Tatsache zeigt den Schwund radioaktiver Spurenstoffe nach dem 
Atomtestmoratorium vom Dezember 1962 an. 
1. Introduction 
In every year since about 1955 a spring maximum of surface 
radioactive fallout resulting from nuclear testing has been measured 
in the Northern Hemisphere (MACHTA [15], FRY, JEW, and KURODA 
[11], LIBBY [13], LIBBY and PALMER [14], BLEICHRODT, BLOK, and 
DEKKER [2], BLEICHRODT, BLOK, and VAN ABKOUDE [3], GUSTAFSON, 
BRAR, and  KERRIGAN [12], PIERSON [29], MAHLMAN [17, 18, 20]). 
This spring peak is distinct from the heavy fallout that is observed 
to follow shortly after periods of extensive testing in the atmos- 
phere. Because the spring peaks often occur many months and even 
years after termination of testing, it is necessary to assume that the 
stratosphere provides the debris reservoir for these maxima (FRY, 
JEw, and KURODA [11], LIBBY and PALMER [14]). 
The explanation of seasonal and shorter-period fallout variations 
thus becomes dependent upon a knowledge of the physical processes 
which lead to an exchange of mass between the stratosphere and 
troposphere. REED and SANDERS [31] and REED [30] first showed 
that large amounts of stratospheric air can enter the troposphere in 
association with the intense baroclinic zone constituting the "jet 
stream front". Subsequent investigations by other authors have veri- 
fied the existence of these air motions in the vicinity of the jet 
stream (ENDLICH and MCLEAN [10], REED and DANIELSEN [32], 
DANIELSEN [5, 6, 7, 8], STALEY [43, 441, DANIELSEN, BERGMAN, and 
PAULSON [9], BRIGGS and ROACH [4], REITER [33, 34, 35, 36], 
REITER and NANIA [37], MAHLMAN [16, 19], REITER and MAHLMAN 
[38, 39, 40]). 
In their "waterspout" model of the upper tropospheric frontal 
zone, REED and DANIELSEN [32] concluded that intrusions of strato- 
spheric air into the troposphere were associated with a "folding" of 
the tropopause. Actual flight measurements have shown that high 
values of radioactivity are associated with stratospheric air in this 
upper level frontal zone faTALLY [44], DANIELSEN, BERGMAN, and 
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PAULSON [9], DANIELSEN [8]). In particular, STALEY [44] demon- 
strated by using isentropic trajectories that air in tropospheric dry 
stable layers with high radioactivities could be traced back to the 
stratosphere. 
Several investigators have suggested that surface fallout peaks 
are possibly related to the presence of high level cyclones (STOREBO 
[45], MIYAKE et al. [21, 22], STALEY [43, 44]). This hypothesis was 
corroborated through case studies by MAHLMAN [16, 19] and by 
REITER and MAHLMAN [40]. DANIELSEN [7] and MAHLMAN [16, 19] 
demonstrated further that surface fallout increases occur in associa- 
tion with strong cyclogenesis in the upper troposphere. 
Because of the apparent dependence of individual surface fall- 
out increases upon cyclogenesis in the upper troposphere, one might 
inquire whether the annual fluctuations in surface fallout intensity 
are thus a result of seasonal changes in cyclonic activity, and whe- 
ther or not the individual shorter-period peaks are statistically 
related to cyclonic activity when viewed over longer time periods. 
One way to examine this problem is to utilize an index that des- 
cribes the relative amount of tropopause-level cyclonic activity in 
mid-latitudes, and then compare the variations of this index with 
those of the area-mean fallout intensity. 
2. Procedure 
Some of the initial attempts to develop a simple quantitative 
description of the atmospheric flow properties at a given level were 
made by ROSSBY [42] and by ALLEN et al. [1]. These efforts to pro- 
duce a straightforward description of the state of the atmosphere 
resulted in the well known zonal index. Utilization of such an index 
has proved to be useful in many areas of atmospheric research. How- 
ever, for many specialized problems this index may fail to provide 
a sufficiently reliable description of the state of the atmospheric 
motions (NAMIAS [23], RIEHL, YEH, and LASEuR [41]). Also, if hand 
computation is necessary, the time required to calculate a series of 
zonal index values may be prohibitive. 
The type of index employed for comparing with fallout varia- 
tions should provide an adequate description of the relative amount 
of cyclonic activity in the atmosphere. Because cyclonic disturbances 
strongly influence the direction of the upper wind field, it appears 
reasonable to assume that a satisfactory index can be determined 
solely from the characteristics of the wind direction field. Also, it is 
advantageous to restrict the index to a non-dimensional and norma- 
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lized form. With such a restriction, a purely zonal westerly current 
will be arbitrarily defined to possess an index value of 1.0 and 
a purely meridional current will be defined as 0.0 (this could be 
thought of as a wave of very high amplitude for a given wave 
length). 
By employing the above restrictions, one  can define a cyclone 
index as 
C = 1 (~,/2 
900 ' 
where the ( ) operator is a zonal average and ? is defined as the 
deviation of the wind direction at a point from a zonal direction of 
270 ~ This index C is in a form which can be readily determined 
from analyses of streamlines. However, in this study all calcula- 
tions are performed using the geostrophic wind directions from the 
height contour charts. 
As stated in the Introduction the intent of this study is to 
examine possible correlations between the cyclone index C near 
tropopause level and time fluctuations in the area-mean fallout inten- 
sity. Because the fallout peaks that result from recent atmospheric 
tests tend to mask the contribution due to older stratospheric debris, 
such correlations must be sought over a period in which no nuclear 
testing has taken place. Further, this chosen period must be long 
enough after the cessation of nuclear testing so that the influence 
of tropospheric debris is minimized. 
To satisfy these restrictions a period following the last atmos- 
pheric test in December, 1962 was chosen for the analysis. This was 
an especially suitable period because the stratospheric radioactivity 
level was relatively high as a result of heavy testing prior to the 
moratorium. 
Since, as noted previously, surface fallout maxima tend to appear 
in association with tropopause-level cyclones, 300 mb was chosen as 
the most representative level for the calculation. Because the maxi- 
mum cyclonic intensity generally occurs within the 400 to 600 N 
latitude band, 50 o N was chosen to be an appropriate latitude for the 
calculation of a series of cyclonic index values. Also, since the 
United States provides the only standardized fallout network which 
gives values representative over a large area, the index was cal- 
culated over the interval 70 o W to 1800 W, and not around the 
entire hemisphere. 
The cyclone index was calculated for the region indicated above 
at 24-hour intervals for the period January, 1963, to December, 
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1964. Computational noise and the higher frequency components were 
filtered from the time series by employing a weighted smoothing tech- 
nique. The computational accuracy was checked by calculating sepa- 
rate time series for the first four months of 1963 using the 0000 GMT 
and the 1200 GMT data respectively. The two resultant smoothed 
time series were observed to be virtually identical. Fig. 1 gives the 
calculated cyclone index time series for the 1963--1964 period and 
shows a succession of rapid index increases and decreases. 
The time series of surface area-mean fallout intensity in air over 
the United States was determined by computing area-weighted aver- 
ages from aII the individual measurements of gross beta activity 
from the U.S. Public Health Service Radiation Surveillance Net- 
work Data. These data were then corrected for natural decay as time 
progressed (MAHLMA~r [20]). Two distinct time scales of fallout 
intensity were obtained by calculating 5-day and monthly averages 
of the area-mean fallout intensity (Fig. 1). This figure shows that 
an irregular fluctuation of short duration is superimposed on the sea- 
sonal oscillation as determined from the monthly averages. Because 
of the large number of observations that determine these five-day 
means and the spatial continuity between individual measurements, 
even small fluctuations in area-mean fallout intensity are statisti- 
cally significant. 
Fig. 1 shows that a very pronounced increase in area-mean fall- 
out intensity occurred during the spring of 1963 and that a spring 
peak was also present in 1964. However, this 1964 spring peak is 
nearly a factor of two smaller than in 1963. This reflects the pro- 
gressive depletion of the stratospheric debris reservoir after the test 
moratorium. It is also evident from Fig. 1 that the effectiveness of 
the moratorium was essentially terminated in late October, 1964 due 
to tropospheric debris from the first Chinese nuclear test at that 
time. The 1964 spring peak is in agreement with the observed maxi- 
mum in the spring of 1960 which occurred more than a year after 
the voluntary test moratorium of 1959 (GusTArSON, BRAR, and 
KERRIGAN [12]). 
3. Relation of the Index Series to Fallout Fluctuations 
Once the two time series had been prepared, a comparison of the 
index with the monthly mean fallout curve of Fig. 1 was attempted. 
This analysis revealed that no significant relationship appeared to 
exist between the two. Although there were large index decreases 
preceeding the 1963 and 1964 spring peaks seen in Fig. 1, equally 
large index drops at other times did not produce similar trends in 
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the monthly mean curve. Since rapid index decreases are indicative 
of cyclogenesis (although not a o strict quantitative measure), this 
analysis indicates that the spring fallout peak probably cannot be 
adequately explained by an assumed increase in the intensity or 
frequency of cyclogenesis at this time of year. Because the spring 
peak apparently is not attributable to the cyclogenetie mechanism, 
this lends support to the contention by NEWELL [24, 25, 26, 27] that 
annual surface fallout and ozone variations result from seasonal 
changes in eddy transport processes in the lower stratosphere. 
An attempt was then made to construct a comparison between 
the cyclone index and the shorter period fallout fIuctuations (Fig. 1). 
In this case a certain relationshi p between the two time series was 
noted. Fig. 1 suggests that shorter period fallout increases are pos- 
sibly related to rapid decreases of the cyclone index. A closer inspec- 
tion of Fig. 1 indicates that a relatively large percentage of fallout 
increases occur within five days after the center point of the index 
decrease. Because a fallout increase did not occur within five days 
after all observed decreases in cyclone index, an attempt was made 
to differentiate between index decreases with and without associated 
fallout increases. Since localized fallout peaks have been related to 
strong eyclogenesis (DANIELSEN [7], MAHLMAN [16, 19]), the rate of 
decrease of cyclone index provides a reasonable means for separat- 
ing  fallout increases from non-increases. In accordance with this, the 
parameter 100 (C1 ~ C~)/At was computed for each index decrease 
(C 1 and C2 are the initial and final values, respectively, of cyclone 
index over the period of decrease and At  is the time involved). 
Table 1 gives the result of this computation with the data arranged 
in ascending order of 100 (C 1 - -C~)/At .  The information given in 
Table 1 suggests that any value of 100 ( C 1 - - C 2 ) A t e 2 . 5  will 
most likely lead to an increase of area-mean fallout intensity within 
five days after the center point of the index decrease. 
The hypothesis that short term fallout increases are statistically 
related to rapid deereaiges in the cyclone index (or to strong cyclo- 
genesis) was examined by the "superposed epoch method" (PANoFSIfY 
and BRIER [28]). To test the validity of this hypothesis, the sign 
(+  or --) of the change in fallout was tabulated as a function of 
lag in days from the  center point of a critical (by hypothesis, 
100 (C 1 - - C ~ ) / A t >  2.5) decrease in the cyclone index. There were 
32 such cases which occurred during the period not dominated by 
tropospheric fallout. Fig. 2 gives the results of this tabulation. The 
ordinate of Fig. 2 is the total number of observed fallout increases 
minus 16 for a given time lag. Thus, for example, an ordinate value 
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of 8 in Fig. 2 would indicate that out of the sample of 32 critical 
index decreases, 24 of the cases were characterized by an increase of 
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for a peak of plus values (fallout increases) to occur 4 days after the 
center point (lag = 0 days) in the critical decrease. This result is 
highly compatible with the physical  hypothesis that surface increases 
Table 1. Values of 100 (Ci--Ce)/A t Computed from Cyclone lndex Decreases 
in Fig. 1 
Calculated Values are arranged in ascending order of I00 (C1--Ce)/A t with 
date of occurrence given. The word "fallout" signifies that a fallout increase 
occurred within five days after the index decrease and a "none" means that no 
subsequent increase was observed 
Value of Fallout Dates of Value of Fallout Dates of 
IO0(C1-C2)//It Occurrence Index Drop IO0(C1-Ce)//It OccmTence Index Drop 
0.6 None Feb .  20--22, 1963 3.2 Fallout May 27-Jun. l,1963 
1.1 None June 5--8, 1963 3.5 Fallout July 28-Aug.l,1963 
1.3 None Jan. 31-Feb.3,1964 3.5 Fallout Sept. 20--24, 1963 
1.3 None Aug .  16--22, 1964 3.5 Fallout Dec. 7--20, 1963 
1.3 None Sept. 19--23, 1964 3.6 Fallout May 16--21, 1963 
1.4 None July 13--15, 1964 3.6 Fallout June 27-July4,1963 
1.5 None Aug .  15--17, 1963 3.7 Fallout March 26--29, 1964 
1.6 None July 7--9, 1963 3.7 Fallout Sept. 8--11, 1964 
1.7 None April  13--15, 1963 3.8 Fallout Sept. 28-Oct.10,1964 
1.8 Fallout May 7--10, 1963 3.9 Fallout Nov. 27--30, 1963 
2.0 None April 18--21, 1963 4.0 Fallout June 20--22, 1963 
2.0 Fallout May 4--7, 1964 4.0 Fallout Aug. 22--29, 1963 
2.0 None Aug.  28--30, 1964 4.0 None Nov. 19--24, 1963 
2.3 None Sept. 2--8, 1963 4.0 Fallout March 3--7, 1964 
2.3 None April  15--18, 1964 4.2 Fallout April 20--24, 1964 
2.4 Fallout Feb. 28-Mar.4,1963 4.4 Fallout Feb. 14--21, 1964 
2.5 None Oct .  25-Nov.2,1963 4.5 Fallout March 11--19, 1964 
2.6 Fallout Feb. 5--13, 1963 4.6 Fallout July 1--9, 1964 
2.6 Fallout Aug. 8--13, 1964 4.6 Fallout July 26-Aug.l,1964 
2.7 Fallout April 7--10, 1963 5.1 Fallout July 13--16, 1963 
2.7 Fallout Feb. 6--9, 1964 5.1 Fallout Oct. 1--5, 1963 
2.7 Fallout May 27-Junel,1964 5.4 Fallout Jan. 5--12, 1964 
2.8 None Aug.  4--11, 1963 5.7 Fallout June 13-16, 1963 
2.8 Fallout June 15--18, 1964 5.7 Fallout Nov. 7--14, 1963 
2.9 Fallout July 19-22, 1963 6.3 Fallout March 18--22, 1963 
2.9 Fallout March 31-Apr.4,1963 6.4 Fallout Sept. 1--4, 1964 
3.0 Fallout May 1--5, 1963 7.8 Fallout Jan. 19--24, 1964 
3.0 Fallout April 27-May2,1964 
of older fallout are controlled by cyclogenetic processes at tropo- 
pause level. Fig. 2 also shows that a pronounced period of fallout 
decrease occurs about 14 to 18 days after t = 0. These decreases of 
fallout intensity are also consistent with the above hypothesis 
because of the quasi-periodic nature of the cyclone index as seen in 
Fig. 1. 
The  reali ty of these observations was examined by computing 
linear correlation coefficients (r) between equal samples from the 
32 values of 100 (C1 ~ C~)/A t ~ 2.5 as a function of time lag from 
0 to 18 days. In order to reduce the bias introduced by dividing the 
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original sample, r was calculated between the first and last set of 
16 values as they occurred chronologically. The value of r obtained 
from this pairing was +0.53. Furthermore, to detect possible sea- 
sonal effects, a value of r was obtained by pairing critical occurren- 
ces of 100 (C 1 - -  C ~ ) / A t >  2.5) from 15 October to 15 April against 
those occurring between 15 April and 15 October. In this case r was 
found to be +0.63. 
Because of the obviously non-independent nature of the fallout 
and the index data (see Fig. 1), comparison of the above values of r 
with those given in critical correlation coefficient tables can serious- 
ly exaggergate the significance of the results. This difficulty was 
avoided by tabulating the sign of the fallout change from 0 to 
18 days from the same two time series as before, but from sets of 
starting dates selected at random. A machine program was then pre- 
pared which computed values of r between all of the data sets of 
16 determined from random starting dates. This procedure produced 
a sample of 1764 random values of r for comparison with the values 
obtained above from the "critical" index decreases. This computation 
showed that 138 or 7.8 ~ of all values of random r were greater 
than +0.5 and 60 or 3.4 % were greater than +0.60. Thus even 
with the use of highly time dependent data, the hypothesis is verified 
at a relatively high probability level. 
4. Conclusions 
This investigation has demonstrated that tropopause-level cyclo- 
genesis is responsible for a significant portion of the shorter period 
fluctuations in area mean fallout over the United States. The ana- 
lysis shows a marked tendency for increasing surface fallout 4 days 
after a period of intense cyclogenesis at tropopause level. Further, 
a well defined period of surface fallout decreases appears to occur 
about 17 days after the onset of intense cyclogenesis. 
On the other hand, the analysis shows that seasonal variations 
in the intensity and frequency of strong cyclogenesis are probably 
not responsible for the spring fallout peaks. 
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